Chemolithotrophic bacteria oxidize various sulfur species for energy and electrons, thereby operationalizing biogeochemical sulfur cycles in nature. The best-studied pathway of bacterial 25 sulfur-chemolithotrophy, involving direct oxidation of thiosulfate to sulfate (without any free intermediate) by the SoxXAYZBCD multienzyme system, is apparently the exclusive mechanism of thiosulfate oxidation in facultatively chemolithotrophic alphaproteobacteria. Here we explore the molecular mechanisms of sulfur oxidation in the thiosulfate-and tetrathionate-oxidizing alphaproteobacterium Paracoccus thiocyanatus SST, and compare them with the prototypical Sox 30 process characterized in Paracoccus pantotrophus. Our results revealed the unique case where, an alphaproteobacterium has Sox as its secondary pathway of thiosulfate oxidation, converting ~10% of the thiosulfate supplied whilst 90% of the substrate is oxidized via a Tetrathionate-Intermediate pathway. Knock-out mutation, followed by the study of sulfur oxidation kinetics, showed that thiosulfate-to-tetrathionate conversion, in SST, is catalyzed by a thiosulfate 35 dehydrogenase (TsdA) homolog that has far-higher substrate-affinity than the Sox system of this bacterium, which, remarkably, is also less efficient than the P. pantotrophus Sox. soxB-deletion in SST abolished sulfate-formation from thiosulfate/tetrathionate while thiosulfate-to-tetrathionate conversion remained unperturbed. Physiological studies revealed the involvement of glutathione in
SST tetrathionate oxidation. However, zero impact of the knock-out of a thiol dehydrotransferase 40 (thdT) homolog, together with no production of sulfite as an intermediate, indicated that tetrathionate oxidation in SST is mechanistically novel, and distinct from its betaproteobacterial counterpart mediated by glutathione, ThdT, SoxBCD and sulfite:acceptor oxidoreductase. All the present findings collectively highlight extensive functional diversification of sulfur-oxidizing enzymes across phylogenetically close, as well as distant, bacteria. 45
Introduction
Chemolithotrophic sulfur oxidation is a primordial metabolic process central to our understanding of early life on Earth (Ghosh and Dam, 2009 ). In nature, sulfur exists in a wide range of oxidation states (-2 to +6), and in doing so passes through a complex variety of 50 biogeochemical processes (Luther et al., 1985) . Sulfur cycling, in diverse ecosystem, essentially involves sulfur compounds syntrophy (i.e., inter-microbial transfer of various redox states of sulfur), physicochemically or biochemically intermingled with the transformation dynamics of carbon, nitrogen, iron and other metals (Cutter and Kluckhohn 1999; Mopper and Kieber 2002; Owens et al. 2016 ). Among the various reduced states of sulfur, thiosulfate constitutes a key junction in the 55 network of sulfur-species transformations in diverse ecosystems, such as marine sediments (Jorgensen, 1990a; Thamdrup et al., 1994) , freshwater sediments (Jorgensen, 1990b) , meromictic lakes (Kondo et al., 2000) and hot spring waters (Xu et al., 1998) . In these biogeochemically diverse environments, taxonomically diverse microorganisms oxidize/reduce thiosulfate to meet their bioenergetic requirements; among them, the thiosulfate-oxidizing chemolithotrophs are the 60 major players of the oxidative half ot the sulfur cycle.
Distinct sets of enzymes and electron transport systems are known to render the oxidation of thiosulfate in phylogenetically diverse bacteria and archaea (Ghosh and Dam, 2009 ). Of the various pathways of thiosulfate oxidation, the SoxXAYZBCD multienzyme system-mediated mechanism epitomized in chemo-/photo-lithotrophic alphaproteobacteria (Kelly et al., 1997; 65 Friedrich et al., 2000; Mukhopadhyaya et al., 2000; Appia-Ayme et al., 2001; Friedrich et al., 2001 Friedrich et al., , 2005 Kappler et al., 2001; Bamford et al., 2002; Sauve et al., 2007; Ghosh and Dam, 2009) is one of the best studied. Here, the sulfane sulfur atom of thiosulfate is first oxidatively coupled with the SoxY-cysteine-sulfhydryl group of the SoxYZ complex by the action of the cytochromes SoxXA, thereby forming a SoxZY-cysteine S-thiosulfonate adduct; subsequently, the sulfone as 70 well as sulfane sulfurs of the SoxYZ bound thiosulfate is oxidized to sulfate by the sequential activity of SoxB, Sox(CD) 2 , and then again SoxB (Kelly et al., 1997; Appia-Ayme et al., 2001; Friedrich et al., 2001; Quentmeier and Friedrich, 2001; Bamford et al., 2002) . In this context it is noteworthy that despite sox structural genes being widespread in Bacteria, the typical Sox mechanism of direct 8-electron transfer (to the electron transport systems) during the oxidation of 75 thiosulfate (without the formation of any free intermediate) has thus far been established only in the alphaproteobacterial lithotrophs, which apparently have no other pathway for thiosulfate oxidation.
Only a small number of chemolithotrophic magnetotactic alphaproteobacteria are known to utilize a truncated SoxXAYZB system to oxidize thiosulfate in the same way as the anaerobic and anoxygenic photolithotrophs do (i.e. in collaboration with reverse-acting sulfate-reducing enzymes) 80 (Eisen et al., 2002; Verte et al., 2002; Dahl, 2008; Grimm et al., 2008) .
In contrast to the alphaproteobacteria, thiosulfate oxidation in most of the beta-and gammaproteobacterial chemolithotrophs proceeds via the formation of tetrathionate-intermediate (S 4 I) (Visser et al., 1996; Bugaytsova and Lindström, 2004; Ghosh et al., 2005; Dam et al., 2007; Rzhepishevska et al., 2007; Kikumoto et al., 2013; Pyne et al., 2017 Pyne et al., , 2018 . In these bacteria, 85 thiosulfate to tetrathionate conversion is mediated either by (i) doxDA-encoded thiosulfate:quinone oxidoreductase (Rzhepishevska et al., 2007; Kikumoto et al., 2013) that is also present in thermoacidophilic archaea (Müller et al., 2004; ) , or by (ii) thiosulfate dehydrogenase (Pyne et al., 2018 ) that is also present in bacteria incapable of further oxidation of tetrathionate to sulfate (Hensen et al., 2006; Denkmann et al., 2012; Frolov et al., 2013; Brito et al., 2015; Orlova et al., 90 2016) . The S 4 I formed in this way is subsequently oxidized either (i) by the activity of the pyrroloquinoline quinone (PQQ)-binding tetrathionate hydrolase (TetH), as described in Acidithiobacillus species (De Jong et al.,1997a; Kanao et al., 2007; Rzhepishevska et al., 2007; van Zyl et al., 2008; Kanao et al., 2013) , or (ii) via coupling with glutathione GSH (to form the glutathione:sulfodisulfane adduct GS-S-S-SO 3¯ and sulfite) by the action of another PQQ-binding 95 protein called thiol dehydrotransferase (ThdT, which is a homolog of the XoxF variant of methanol dehydrogenase), followed by the oxidation of GS-S-S-SO 3¯ via iterative typical actions of SoxB and SoxCD, as reported in A. kashmirensis (Pyne et al., 2018) .
The current state of knowledge recognizes the preminence/monopoly of the Sox pathway in alphaproteobacterial oxidation of thiosulfate to sulfate, while the S 4 I is essentially confined to the 100 beta and gammaproteobacteria [the S 4 I pathway has, thus far, been implicated only in one alphaproteobacterium, Acidiphilium acidophilum (Meulenberg et al., 1993; De Jong et al., 1997b) , and that is the only potential presence of this pathway outside Beta-and Gammaproteobacteria].
Counter to this existing scenario, the present molecular investigation of the chemolithotrophic machinery of Paracoccus thiocyanatus strain SST (= LMG 22699 = MTCC 7821; see Ghosh and 105 Roy, 2007 ) reveals a unique case where, an alphaproteobacterium has Sox as its secondary pathway of thiosulfate oxidation while the S 4 I pathway is the frontline mechanism for this purpose.
Functional dynamics and intersections of the Sox and S 4 I pathways of SST were delineated via physiological studies, whole genome sequencing and analysis, and recombination-based knockout mutagenesis of putative sulfur oxidation genes. Results were then considered in the context of 110 the prototypical Sox and S 4 I pathways of Paracoccus pantotrophus Quentmeier and Friedrich, 2001; Sauve et al., 2007) and Advenella kashmirensis (Ghosh et al., 2005; Dam et al., 2007; Pyne et al., 2017 Pyne et al., , 2018 repsectively.
115

Materials and methods
Bacterial strains, media, and culture conditions
All strains, whether wild-type or engineered (see Table 1 ), were routinely grown or maintained in Luria Bertani (LB) medium, which was supplemented with appropriate antibiotics as and when required. Chemolithoautotrophic properties of P. thiocyanatus SST wild-type, or its 120 mutants, were tested in modified basal and mineral salts (MS) solution (1 g NH 4 Cl, 4 g K 2 HPO 4 , 1.5 g KH 2 PO 4 , 0.5 g MgCl 2 , and 5 mL trace metals solutionL ─ 1 distilled water) supplemented with 20 mM sodium thiosulfate (MST) or 10 mM potassium tetrathionate (MSTr); in this way, both MST (pH 7.0) and MSTr (pH 7.0/ 8.0 as per experimental requirement) contained sulfur equivalent to 40 mM S (Ghosh et al., 2005) . For chemoorganotrophic growth, MS was supplemented with 1.0 g 125 L ─ 1 dextrose (MSD, pH 8.0). P. thiocyanatus strains were grown at 28°C, whereas Escherichia coli strains used in genetic experiments were grown at 37°C. Antibiotics were used at the following concentrations: ampicillin, 100 µg mL 
Physiological / biochemical experiments and analytical methods
For all batch culture experiments in MS-based media, 100 mL test media were inoculated with 1% (v/v) LB-cultures having OD 600 of 0.6. Samples were collected from the test cultures at appropriate time points, and cells were removed from them by centrifugation before pH of the spent media, and concentrations of thiosulfate/tetrathionate/sulfite/sulfate, were recorded. Concentrations 135 of dissolved thiosulfate, tetrathionate and sulfate in spent media were measured by iodometric titration, cyanolytic method and gravimetric precipitation method respectively (Kelly et al., 1994; Alam et al., 2013) . Sulfite was measured spectrophotometrically with pararosaniline as the indicator (West and Gaeke, 1956) . To corroborate the results obtained by the above methods, sulfate, sulfite and thiosulfate were additionally quantified by anion chromatography via chemical 140 suppression, using an Eco IC (Metrohm AG, Switzerland) equipped with a conductivity detector (Metrohm, IC detector 1.850.9010) and autosampler (863 Compact Autosampler, Switzerland).
Separation of ions was carried using a Metrosep A Supp5 -250/4.0 (6.1006.530) anion exchange column (Metrohm AG); a mixed solution of 1.0 mM sodium hydrogen carbonate and 3.2 mM sodium carbonate was used as the eluent; 100 mM sulfuric acid was used as the regenerant; flow 145 rate was 0.7 mL min -1 , and injection volume 100 µL. Samples were diluted 1000-fold with deionized water (Siemens, <0.06 μ S), and filtered by passing through 0.22 µm hydrophilic polyvinylidene fluoride membranes (Merck Life Science Private Limited, India), prior to analysis.
Sigma-Aldrich (USA) standard chemicals were used to prepare the calibration curve for quantification. Overall sample reproducibility was ±0.2 ppm. 150
Sulfur-substrate-dependent O 2 consumption rate was measured in SST cells grown in MST (pH 7.0), MSTr (pH 8.0) or MSD (pH 8.0) medium. MST-grown cells were harvested when 80% of the supplied thiosulfate had been converted to tetrathionate, while MSTr-grown cells were harvested when 50% of the supplied tetrathionate had been converted to sulfate. MSD-grown cells were harvested when the culture was in mid-log phase of growth. Cells were harvested, washed 155 twice with, and resuspended in, potassium phosphate buffer (50 mM, pH 8.0). Sulfur-compoundsdependent O 2 consumption rates of whole cells were determined under varying pH conditions (4.5 to 10.5), using a biological O 2 monitor having a Clark-type O 2 electrode (Yellow Springs Instruments, Ohio, USA). The 3.0 mL assay mixture contained 50 mM of the assay buffer specific for the pH at which oxidation was measured (see below), washed-cell suspension (equivalent to 160 100 µg of whole cell protein), and sodium thiosulfate (10 mM) / potassium tetrathionate (5 mM) / sodium sulfite (2 mM) in 5 mM EDTA. Reactions were started by adding the sulfur substrate. O 2 consumption rates, expressed as nmol O 2 consumed mg cellular protein -1 min -1 , were corrected for chemical reactions and endogenous respiration. The different assay buffers used for the different pH ranges were as follows: sodium acetate-acetic acid buffer for pH 4.5-6.0 (Gomori, 1955) , 165 potassium phosphate buffer for pH 6.0-8.5 (Sambrook and Russell, 2001 ) and glycine-sodium hydroxide buffer for pH 8.5-10.5 (Gomori, 1955) . Specific pH values of the individual assay mixtures were set by mixing the components of the respective buffers in specific ratios described in the corresponding literature.
Effects of the thiol-inhibitor N-ethyl maleimide (NEM) and the thiol-group-containing 170 tripeptide glutathione (GSH) on the substrate-dependent O 2 consumption rates in the presence of sodium thiosulfate (10 mM) / potassium tetrathionate (5 mM) / sodium sulfite (2 mM) were measured essentially as above: specifically, the 50 mM assay buffer had pH 8.5, and the washed cells were incubated in 1 mM NEM or 10 mM GSH for 10 minutes before the assay. All calculations pertaining to O 2 consumption rates were done based on the assumption (according to the 175 instrument manual) that an 18% change in O 2 concentration equals to 2.71 µl of O 2 consumed.
Formulation of a pH dependence factor
A pH-dependence factor (F pH ), based on the sulfur-substrate-dependent O 2 consumption rates (R) recorded at various pH values (4.5 -10.5), was formulated to quantitatively compare the 180 extent to which the thiosulfate-and tetrathionate-oxidizing machineries of P. thiocyanatus SST were influenced by changes in the pH of the chemical milieu. The entire pH range (4.5 to 10.5) over which O 2 consumption was recorded in the presence of thiosulfate/tetrathionate was divided into 12 classes (4.5-5.0, 5.0-5.5, 5.5-6.0, through 10.0-10.5), each of which encompassed a fixed pH window of 0.5. Change in the O 2 consumption rate (ΔR) for a particular substrate, across any pH 185 window of 0.5, was first calculated by dividing the R value obtained at the upper pH-limit of the window with the R value obtained at the lower pH-limit of the window (equation 1). Following this, Δ R -1 gave the pH dependence factor (F pH ) of the oxidation process, over the pH window considered (equation 2). An F pH value becomes 0 when the efficacy of the process is not influenced by pH change within the window under consideration; in contrast, F pH values > 0 denote 190 increased efficiency with increasing pH, and F pH values < 0 denote impairment of the process wth increasing pH, within the window considered. For a particular process, collation of the F pH values obtained for all contiguous pH windows gave the extent of its pH-dependence.
Whole genome sequencing and annotation
Whole genome sequencing for P. thiocyanatus SST was carried out on genomic DNA isolated form stationary phase cultures of this bacterium. Two separate sequencing runs on the Ion Torrent 200 Personal Genome Machine (Ion PGM) and the Ion Proton platform (both from Thermo Fisher Scientific, Waltham, MA, USA) were conducted for this purpose with 400 bp and 200 bp read chemistry respectively. First, the 1,054,074 high-quality reads obtained from the Ion PGM run (mean read length 258 bp) were used in assembly using Newbler 2.8 (454 Sequencing System Software, Roche; http://www.454.com). This yielded 510 contigs, which constituted a consensus of 205 3,465,907 bp. These were subsequently used as trusted contigs in a co-assembly [using SPAdes 3.11.1 (Bankevich et al., 2012) ] with the Ion PGM reads, plus the 4,675,076 high-quality reads (mean read length 163 bp) obtained from the Ion Proton run. This co-assembly resulted in the reduction of contig count to 289 with a total consensus of 3,530,182 bp. Of these, 282 contigs that were > 200 bp long were annotated using the automated Prokaryotic Genome Annotation Pipeline 210 (PGAP) of the National Center for Biotechnology Information (NCBI; Bethesda, MD, USA) and deposited at DDBJ/ENA/GenBankunder the accession QFCQ00000000, the version described in this paper is QFCQ01000000. All information regarding this Whole Genome Shotgun project is available in the GenBank under the BioProject PRJNA464267, while the raw sequence reads obtained from the Ion PGM and Ion Proton runs are available in the NCBI Short Read Archive 215 (SRA) under the run accession numbers SRX4046611 and SRX4046610 respectively.
Completeness of the P. thiocyanatus SST genome was determined using CheckM 1.0.12 (Parks et al., 2015) . For this purpose, a custom database of phylogenetic marker genes specific for the genus Paracoccus was first constructed from the set of marker genes provided with CheckM.
Parallel to this, open reading frames (ORFs) were predicted wthin the SST genome using the 220 software Prodigal, and then homologs of marker genes encompassed in the custom database were searched in the Prodigal-derived ORF/gene catalog using HMMER algorithm. Completeness of the SST genome was calculated based on the number of Paracoccus-specific markers detected in the gene-catalog.
Homologs of genes involved in bacterial sulfur oxidation were searched either manually in 225 the PGAP-annotated SST genome or by mapping/aligning query gene sequences from other alphaproteobacterial species onto the P. thiocyantus SST genome sequence using the PROmer utility of the MUMmer 3.23 package (Kurtz et al., 2004) . Annotations of the ORFs identified by the latter method were corroborated by NCBI BlastP analysis of the putative amino acid sequences, followed by their conserved domain search with reference to the Conserved Domain Database 230 (CDD).
Knock-out mutagenesis
Homologous recombination-based techniques were used to render deletion mutations in the tsdA (locus tag DIE28_04655) and soxB (locus tag DIE28_12735) genes, and insertional 235 inactivation of the xoxF gene (locus tag DIE28_01705) of SST. To knock-out tsdA, the upstream and downstream flanking regions of the ORF were amplified by two separate PCR reactions using the primer-pairs (i) Pt_Ko_tsdA_F and Pt_Ko_tsdA_FU_R, and (ii) Pt_Ko_tsdA_FU_F and Pt_Ko_tsdA_R (sequences given in Supplementary Table S1 ). The PCR products obtained (see the steps denoted as PCR1 and PCR2 in Supplementary Fig. S1 ) were used as templates for 240 overlap extension PCR with the primer set Pt_Ko_tsdA_F and Pt_Ko_tsdA_R to generate a 1944 bp fused product (KoT) which encompassed both the flanking regions (see the step denoted as PCR3 in Supplementary Fig. S1 ). This product was then cloned into pKAS32 between the XbaI and EcoRI sites to generate the construct pKKoT. Simultaneously, the kanR gene with its upstream promoter region (i.e. the Kan R marker cartridge) was PCR amplified from the plasmid 245 pSUP5011::Tn5-mob, without any terminator sequence, using the primer-pair kanR_KpnI_F and kanR_KpnI_R (sequences given in Supplementary Table S1 ). The Kan R cartridge was then inserted within the KpnI restriction site of pKKoT, which in turn was introduced through PCR using the primer-pair Pt_Ko_tsdA_FU_F and Pt_Ko_tsdA_R (see the step denoted as PCR2 in Supplementary Fig. S1 ). This gave rise to the final construct pKKoT::Kan R . 250
To knock-out soxB, the upstream and downstream flanking regions of theORF were amplified by two separate PCR reactions using the primer-pairs (i) Pt_Ko_soxB_F and Pt_Ko_ soxB _FU_R, and (ii) Pt_Ko_soxB_FU_F and Pt_Ko_soxB_R (sequences given in Supplementary   Table S2 ). The PCR products obtained (see the steps denoted as PCR1 and PCR2 in Supplementary Fig. S2 ) were used as templates for overlap extension PCR with the primer set 255
Pt_Ko_soxB_F and Pt_Ko_soxB_R to generate a 2345 bp fused product (KoB) which encompassed both the flanking regions (see the step denoted as PCR3 in supplementary Fig. S2 ).
This product was then cloned into pKAS32 between the XbaI and SacI sites to generate the construct pKKoB. The Kan R cartridge, obtained as described abve, was then inserted within the KpnI restriction site of pKKoB, which in turn was introduced through PCR using the primer-pair 260
Pt_Ko_soxB_FU_F and Pt_Ko_soxB_R (see the step denoted as PCR2 in Supplementary Fig.   S2 ). This gave rise to the final construct pKKoB::Kan R .
xoxF was mutated by inserting the above mentioned Kan R cartridge into the ORF. Two separate PCRs using the primer-pairs (i) Pt_Ko_xoxF_F and Pt_Ko_xoxF_FU_R, and (ii) Pt_Ko_xoxF_FU_F and Pt_Ko_xoxF_R ( Supplementary Table S3 ), yielded two, 561 bp and 621 bp 265 long, fragments having terminal 30 bp regions complementary to each other, and containing a common KpnI restriction site introduced via the primers Pt_Ko_xoxF_FU_R and Pt_Ko_xoxF_FU_F. Overlap extension PCR (this is denoted as PCR3 in Supplementary Fig. S3 ) using a mixture of the 561 and 621 bp fragments as template and Pt_Ko_xoxF_F and Pt_Ko_xoxF_R as the primers, yielded a 1152 bp region (KoX) of xoxF where the KpnI site got 270 inserted inside the ORF, and an XbaI and a SacI site got introduced at the two ends. This product was then inserted into pKAS32 between the latter's XbaI and SacI restriction sites, thereby generating the construct pKKoX. Kan R cartridge was then inserted within KpnI restriction site of pKKoX. This gave rise the final construct pKKoX::Kan R .
The mobilizable constructs pKKoT::Kan R , pKKoB::Kan R and pKKoX::Kan R were transformed 275 into Escherichia coli S17-1 λ pir and used as donor strains in conjugative plate mating for transferring corresponding gene replacement cassettes to P. thiocyanatus SST. A spontaneous mutant strain P. thiocyanatus SSTR, which was resistant to Rifampicin (50 µg mL -1 ) was used as the recipient in the conjugation experiments. Cells from mid-log phase cultures of both the donor and the recipient were harvested and washed twice with 10 mM MgSO 4 and resuspended in the 280 same. Donors and recipients were then mixed at a 1:2 cell mass ratio and immobilized onto a membrane filter with pore size of 0.2 μ m. The membrane filter was placed on an LA plate containing 1% agar, and incubated at 30°C for 18 h. Cell mass growing on the membrane was harvested and dissolved in 2 mL 0.9% NaCl solution; ths was subsequently spread at 10 -1 dilution on LA plates containing both rifampicin (50 µg mL -1 ) and kanamycin (40 µg mL -1 ). Recipients which 285 had successfully exchanged their relevant genomic loci with gene replacement cassettes loaded on the constructs were screened for double cross-over mutants by positively selecting for the cartridge-encoded kanamycin resistance trait and loss of streptomycin sensitivity conferred by the rpsL gene of pKAS32. Whilst the resultants ∆ tsdA, ∆ soxB and xoxF::Kan R mutants were designated as Pt_KoT, Pt_KoB and Pt_KoX respectively, orientations of the antibiotic resistance 290 cartridges with respect to the transcriptional directions of the ORFsmutated were checked by PCRamplification and sequencing of DNA fragments containing specific genome-cartidge intersections (see Supplementary Fig. S1-S3 ).
Results and discussion 295
P. thiocyanatus SST oxidizes thiosulfate via S 4 I formation
When P. thiocyanatus SST was grown in MST medium (initial pH 7.0), only 5 mM S sulfate was found to have produced after 12 h incubation ( Fig. 1A ). During this period of incubation, thiosulfate was continuously depleted and tetrathionate went on accumulating in the medium at a stoichiometry slightly less than the amount of thiosulfate disappearing, which was attributable to 300 the formation of sulfate; at the end of 12 h, this difference was equivalent to 5 mM S, and the same was detected fully in the form of sulfate. In this way, at the 12 th hour, no thiosulfate remained in the medium, and 35 mM S tetrathionate was there in addition to the 5 mM S sulfate, with concomitant rise in pH from 7.0 to 8.0. Over the next 6 h, there was a steep decline in tetrathionate concentration of the medium, accompanied by an equally steep rise in the concentration of sulfate. 305
After the 18 th hour, rate of tetrathionate to sulfate conversion slowed down, and at the 36 th hour, 14 mM S tetrathionate was found to remain in the medium together with 26 mM S sulfate (pH of the spent-medium at this time-point was 6.2). Whilst indefinite incubation beyond 36 h resulted in no further oxidation of tetrathionate, re-adjustment of the pH of the spent medium to 8.0 brought about quick oxidation of the residual tetrathionate to sulfate (see graph segments of Fig. 1A that are  310 represented by dotted lines). This result indicated that the tetrathionate-oxidizing machinery of SST functions more efficiently at pH levels above the neutral. The most remarkable aspect of the sulfur oxidation kinetics of P. thiocyanatus SST in MST medium was that a small but definite amount of sulfate (total 5 mM S) was produced at a slow rate (0.42 mM S h -1 ) over the first 12 h of incubation when the rest of the 35 mM S thiosulfate (out of the total 40 mM S supplied) was being converted 315 to tetrathionate. In contrast, after thiosulfate completely disappeared form the medium, the rate of sulfate production (now clearly and exclusively from the tetrathionate intermediate formed) became as high as 2.2 mM S h -1 between the 12 th and 18 th hour, and then slowed down to 0.44 mM S h -1 between the 18 th and 36 th hour. These data suggested that the first batch of 5 mM S sulfate potentially came from the direct oxidation of thiosulfate, and the affinity of that thiosulfate oxidation 320 system for its substrate was much lower than the affinity of the thiosulfate-to-tetrathionate converting machinery for the same substrate. It further suggested that the activity of the enzymatic machinery responsible for the oxidation of tetrathionate to sulfate plausibly switches on at ~pH 8, while its efficiency is reduced at pH 7, and completely limited at pH 6. 325 3.2. pH 9.5 is the optimum for tetrathionate oxidation by SST When tetrathionate was provided as the initial chemolithotrophic substrate in MSTr medium (initial pH 7.0), P. thiocyanatus SST oxidized it very slowly, so after 84 h of incubation in MSTr, only 8 mM S tetrathionate was found to have converted to equivalent amount of sulfate; over this period, pH of the spent medium came down to only 6.4 ( Fig. 1B) . However, if in the meantime, pH 330 of the spent medium was re-adjusted to 8.0 then the tetrathionate oxidation rate increased remarkably-when this was done at the 36 th hour of incubation, the 36 mM S tetrathionate remaining unused at that point of time came down to 18 mM S over the next 24 h (this was accompanied by lowering of pH to 6.6); upon another round of pH-adjustment (to 8.0) at this 60 th h, the residual 18 mM S tetrathionate was converted fully to sulfate over the next 12 h (refer to the 335 graph segments of Fig. 1B that are given as dotted lines).
To study the effects of pH on the thiosulfate and tetrathionate oxidation processes of SST, O 2 consumption rates in the presence of these two sulfur substrates were measured over a pH range of 4.5 to 10.5. Since MST-and MSTr-grown cells exhibited essentially similar rates of O 2 consumption in the presence of a particular substrate tested (maximum divergence for all data-340 pairs was ± 5%), data obtained for only the MST grown cells have been presented here. Notably, ) was observed at pH 9.5, which incidentally was higher than the optimum pH (8.0) recorded for SST growth in chemoorganoheterotrophic Luria Bertani medium 350
MSD-grown cells exhibited no O
( Supplementary Table S4 ). Whereas the tetrathionate-dependent O 2 consumption rate decreased both below and above the pH 9.5 optima, decline was remarkably sharp between pH 9.5 and 10.5.
Values of the pH-dependence factor (F pH ) determined for thiosulfate oxidation over the different contiguous 0.5-pH windows remained either zero or very close to zero across the pH range 5.5-8.5. In contrast, very high (4.4) and high (1.0) positive F pH values were obtained for thiosulfate 355 oxidation over the pH windows 4.5-5.0 and 5.0-5.5 respectively, which indicated that there was a drastic increase in rate of the process as pH changed from 4.5 to 5.0, while the increase in the process rate was also quite sharp with change of pH from 5.0 to 5.5. Gradual decreases in the F pH values above pH 8.5 indicated a gradual decline in the rate of thiosulfate oxidation with increasing alkalinity (F pH is slightly < 0.25 for the two windows between pH 8.5 and 9.5, and slightly > 0.25 for 360 the two windows between pH 9.5 and 10.5). While there is no tetrathionate oxidation by strain SST below pH 6.5, F pH values for were consistently positive, and higher than those obtained for thiosulfate oxidation, over the different pH windows within 6.5-9.5 (Fig. 1D) ; over the two consecutive windows between pH 9.5 and 10.5, F pH values were -0.55and-0.58, numerically higher than the corresponding negative values obtained for thiosulfate oxidation. 365
Whole genome sequnceingof P. thiocyanatus SST and identification of sufur oxidation genes
Shotgun sequencing and annotation of P. thiocyanatus SST revealed a 3.53 Mb draft genome having 3,607 potential coding sequences (CDSs). Of all the CDSs identified, 3,285 encoded for proteins. One copy each of the 16S, 23S, and 5S rRNA genes, clustered in a single operon, were 370 also identified together with 45 tRNA genes distributed over the genome. G+C content of the genome was found to be 67.2% (Fig. 2) , which is well within the 66-68% G+C content range reported for ~65% of the genomes sequenced from members of the genus Paracoccus. A completeness level of 96.12% was estimated for the assembled draft genome of SST (using the software CheckM) on the basis of the presence of 882 out of a total 917 Paracoccus-specific 375 conserved marker genes curated in the CheckM database.
The P. thiocyanatus SST genome was found to encompass a complete soxSRT-VW-XAYZBCD-EFGH operon similar to the prototypical sox operon of P. pantotrophus GB17 and Pseudaminobacter salicylatoxidans KCT001 in terms of gene synteny (Fig. 3) . The putative amino acid sequences of the individual sox genes of SST exhibited 74-95% identities with their GB17 380 counterparts. In addition to the operon-borne sox genes, there are duplicate copies of soxX, soxA, soxC and soxD (locus tags DIE28_02045, DIE28_02050, DIE28_15070 and DIE28_15065 respectively) in the SST genome. These apparently paralogous sox gene copies showed 40-62% translated amino acid sequence identities with the operon-coded orthologs of SST/GB17.
A homolog of the tsdA gene (locus tag DIE28_04655) was detected in genome of P. 385 thiocyanatus SST. The putative amino acid sequence of the protein encoded by this gene was found to encompasse all the functionally-indispensible, and conserved, heme-binding residues characteristic of the prototypical TsdA protein (4WQ7) of A. vinosum DSM 180 T ( Supplementary   Fig. S4 ). In SST, tsdA is preceded by a gene (locus tag DIE28_04650) encoding a protein which contains domains similar to those found in the subunit III of di-heme cbb3 type cytochrome 390 oxidases, designated as tsdB in some bacteria (Denkman et al., 2012; Kurth et al., 2016) .
Whereas the SST genome annotation did not reveal any tetrathionate hydrolase (tetH) gene, three consecutive ORFs (locus tags DIE28_01705, DIE28_01710 and DIE28_01720), homologous to the xoxF, xoxG and xoxJ genes of the prototypical methanol-oxidizer Methylobacterium extorquens AM1 (Nakagawa et al., 2012; Keltjens et al., 2014; Pol et al., 2014; Skovran and 395 Martinez-Gomez, 2015; Chu and Lidstrom, 2016) were detected. Albeit the xoxF gene of SST was found to have ~75% and 69% translated amino acid sequence identities with the typical PQQbinding XoxF homologs of AM1 and the ThdT variant of XoxF reported from A. kashmirensis (Pyne et al., 2018) respectively, the annotated genome sequence of SST deposited in the GenBank designates the locus DIE28_01705 as a pseudogene, apparently due to a frame shift caused by a 400 missing guanine nucleotide in between positions 1161 and 1162 of the ORF. However, a manual scrutiny of the reads aligned to this region of the SST genome showed that 153 and 173 reads taking part in the assembly contained and lacked the guanine in the above mentioned position respectively, while 36 others had an ambiguous base call in this nucleotide position (notably, proportion of ambiguous base calls across this xoxF ORF was also quite high). As capillary 405 sequencing also failed to resolve this issue unambiguously, we decided to knock this gene out and confirm whether tetrathionate oxidation in SST proceeded via a ThdT-mediated glutathionecoupled mechanism similar to the one described for A. kashmirensis (Pyne et al., 2017 (Pyne et al., , 2018 .
Other sulfur-oxidation-related genes (see Ghosh and Dam, 2009 , and references therein), such as those encoding flavocytochrome c-sulfide dehydrogenase (FCSD), sulfide:quinine oxidoreductase 410 (SQOR), sulfite:acceptor oxidoreductase (SorAB), and the reverse-acting dissimilatory sulfite reductase (rDsr complex), were not detected in the SST genome.
So far as the genomic basis of thiocyanate oxidation by SST is concerned, an ORF (locus tag DIE28_02005) whose putative protein product exhibits 36-86% identities withthe well-studied thiocyanate dehydrogenase (TcDH, Protein Database Accession: 5F75) of Thioalkalivibrio, 415
Thiohalobacter and Guyparkeria species (Berben et al., 2017; Tsallagov et al., 2019) was detected in the genome of this aphaproteobacterium. TcDH has been hypothesized to attack the sulfane sulfur atom of thiocyanate (SCN -) and directly oxidize SCNto elemental sulfur (S 0 ) and cyanate (CNO -) (Sorokin et al., 2001; Tsallagov et al., 2019) . If thiocyanate oxidation in SST proceeds via this pathway, then the sulfur atom produced can be oxidized via the Sox machinery encoded by the 420 genome of this alphaproteobacterium; notably however, no homolog of the cyanate hydratase (cyanase) gene, which is known to convert cyanate to ammonia (NH 3 ) and carbon dioxide (CO 2 ) (Anderson and Little, 1986; Sung and Fuchs, 1988) , was detected in the SST genome. It, therefore, seems plausible that there is some hitherto unknown mechanism in SST to take care of the CNOradical. In relation to thiocynate oxidation it is further noteworthy that annotation of the 425 SST genome did not reveal any genes for the three subunits of thiocyanate hydrolase, which degrades thiocyanate via the carbonyl sulfide (COS) pathway (i.e. conversion of thiocyanate to COS and NH 3 ) in organisms such as Thiobacillus thioparus and Thiohalophilus thiocyanoxidans (Katayama et al., 1998; Bezsudnova et al., 2007) . tsdA knock-out mutant of P. thiocyanatus SST (Fig. 4A) , designated as Pt_KoT, when grown in MST medium (initial pH 7.0), did not convert any thiosulfate to tetrathionate (Fig. 4B) , thereby confirming that the tsdA is the only gene responsible for this metabolic transformation in 435 SST. Remarkably, however, Pt_KoT converted 26 mM S thiosulfate to sulfate without the formation of any free intermediate, over 210 h incubation in MST (Fig. 4B ). Tetrathionate oxidation properties of Pt_KoT in MSTr medium (initial pH 8.0) were similar to those of the wild-type SST strain (Fig.   4C ). Whilst this thiosulfate to sulfate oxidation phenotype of Pt_KoT was reflective of the potential involvement of the Sox pathway, the total amount of sulfate (5 mM S) produced by this mutant 440 strain over the first 12 h of its incubation in MST was exactly same as that produced by the wildtype over the same period of incubation in the same medium. Furthermore, the rate of the process in Pt_KoT during the exponential phase of sulfate production, i.e., between the 6 th and the 30 th hours of growth in MST (this was calculated to be 0.6 mM S h -1 ; see Fig. 4B ), was essentially similar to the rate of sulfate production observed for the wild-type strain between the 6 th and the 445 12 th hours of its growth in MST, i.e. during the brief exponential phase of the first stage of sulfate productionby SST (this was calculated to be 0.5 mM S h -1 ; see Fig. 1A ). These data indicated that the first batch of small amount of sulfate (5 mM S) produced by SST over the first 12 h of its incubation in MST medium came from came directly from thiosulfate and the S 4 I had no contribution in its formation. 450
Knock-out mutantion of SST soxB abolished the production of sulfate from thiosulfate as well as tetrathionate
The Δ soxB knock-out mutant of P. thiocyanatus SST (Fig. 4D) , designated as strain Pt_KoB, when grown in MST (initial pH 8.0) medium, did not produce even the slightest of sulfate 455 ( Fig. 4E) , whereas the entire 40 mM S thiosulfate was converted to tetrathionate over 24 h incubation, with concomitant increase in the pH of the spent medium to 8.7 (Fig. 4E) . The S 4 I formed, however, remained unutilized even after prolonged incubation of Pt_KoB in this medium.
These data confirmed that the 5 mM S sulfate that appeared in the first 12 h incubation of wild-type SST in the MST medium indeed came from thiosulfate via the Sox pathway. Pt_KoB was also 460 unable to oxidize any tetrathionate when grown in MSTr medium (initial pH 8.0) corroborated by no sulfate production ( Fig. 4F) , thereby indicating the indispensibility of SoxB in tetrathionate oxidation by P. thiocyanatus.
3.6. Tetrathionate oxidation by P. thiocyanatus involves thiol groups, particularly glutathione 465 Involvement of thiol groups in the sulfur oxidation mechanism of P. thiocyanatus was tested by measuring the thiosulfate and tetrathionate-dependent O 2 consumption rates of the washed cells of the wild-type SST, as well as those of its mutants, pre-treated/untreated with the thiolbinding reagent N-ethyl maleimide (NEM) and the thiol group containing tripeptide glutathione (GSH). 470
For the wild-type SST, thiosulfate-dependent O 2 consumption rate was reduced by approximately 17% when cells were pre-treated with NEM; pre-treatment with GSH however had no effect on the thiosulfate-dependent O 2 consumption rate of SST (Fig. 5A) . In contrast, O 2 consumption rate of the NEM-treated SST cells in the presence of tetrathionate (15.91nmol O 2 mg protein -1 min -1 ) was ~70% less than that of their untreated counterparts [51.07 nmol O 2 mg protein -1 475 min -1 (Fig. 5B) ]. When the washed cells of SST were pre-treated with 10 mM GSH, tetrathionatedependent O 2 consumption rate (136.22 nmol O 2 mg protein -1 min -1 ) increased by 2.7 folds, as compared to that of the untreated cells (Fig. 5B) . The wild-type SST showed no O 2 consumption in the presence of sulfite, so was not tested for this parameter in the presence of NEM/GSH (Fig. 5C ).
Notably, no consumption of O 2 in the presence of sulfite by the wild-type SST cells was consistent 480 with consistent with the fact that no free sulfite was detected during tetrathionate oxidation by SST and also that no sorAB gene was detected in annotated genome of this organism.
For the Δ tsdA mutant Pt_KoT, thiosulfate-dependent O 2 consumption rates of the untreated, NEM-treated and GSH-treated cells (Fig. 5D) were all more or less reduced by 40-50% from the corresponding wild-type levels (Fig. 5A ). Since thiosulfate oxidation in the mutant Pt_KoT did not 485 proceed via S 4 I at all, and instead produced sulfate directly from the substrate, these data clearly corroborated the slower pace of the Sox-based thiosulfate oxidation process of P. thiocyanatus, as compared to its S 4 I Pathway through which almost 90% of the thiosulfate passes during oxidation by the wild-type. Expectedly, tetrathionate-or sulfite-dependent O 2 consumption phenotypes of untreated / NEM-treated / GSH-treated Pt_KoT cells (Fig. 5E-F) , were same as the corresponding 490 wild-type phenotypes (Fig. 5B-C) .
For the Δ soxB mutant Pt_KoB, which only converted thiosulfate to tetrathionate and could not oxidize the latter, thiosulfate-dependent O 2 consumption rate of untreated cells was ~64% of the corresponding wild-type level; NEM-/GSH-treatment did not affect this thiosulfate-dependent O 2 consumption rate (Fig. 5G) . Even the NEM-/GSH-untreated cells of this mutant had no 495 tetrathionate-or sulfite-dependent O 2 consumption phenotype (Fig. 5H-I) , reiterating the involvement of SoxB in SST tetrathionate oxidation.
In view of the above indications for the involvement of glutathione in the tetrathionate oxidation mechanism of P. thiocyanatus SST, it was imperative to check whether this involved any XoxF-homolog-mediated tetrathionate-glutathione coupling, which apparently results in the 500 production of a glutathione:sulfodisulfane adduct and sulfite in the betaproteobacterium A.
kashmirensis (Pyne et al., 2017 (Pyne et al., , 2018 . The xoxF homolog (locus tag DIE28_01705) present in the P. thiocyanatus SST genome was, therefore, inactivated by knock-out mutation (Fig. 6A) . The resultant mutant Pt_KoX, interestingly, exhibited wild-type-like phenotype during chemolithoautotrophic growth in both MST as well as MSTr media ( Fig. 6B-C) . These results 505 implied that the involvement of glutathione in the SST tetrathionate oxidation mechanism is not ThdT-/XoxF-mediated, and therefore may or may not initialize via formation of a glutathione:sulfodisulfane adduct and sulfite.
Novel aspects of the thiosulfate and tetrathionate oxidation pathways of P. thiocyanatus SST 510
Summing up of all the physiological, genomic, and molecular genetic data obtained under the current investigation, revealed the following.
-Formation and subsequent oxidation of the S 4 I is the main pathway of thiosulfate oxidation in P. thiocyanatus SST.
-During thiosulfate oxidation, tetrathionate as well as sulfate formation starts together under the 515 mediation of the TsdA and Sox systems respectively; but the former process far out-competes the latter in terms of the kinetics of sulfur atoms oxidized over time.
-Oxidation of tetrathionate, whether produced from thiosulfate or supplied as a starting substrate for chemolithotrophic growth, is a highly pH-sensitive process having its optima at pH 9.5.
-Tetrathionate oxidation in SST involves a clear role of glutathione, even though the mechanistic 520 basis of this involvement is apparently distinct from the ThdT-mediated glutathione:sulfodisulfane and sulfite formation typical of A. kashmirensis.
-Some hitherto unknown enzyme(s) seems to catalyze glutathione:tetrathionate interaction in SST. In such a scenario the typical thiol esterase and sulfur dehydrogenase roles of SoxB and SoxCD respectively (Friedrich et al., , 2005 , which have been envisaged for the oxidation 525 of glutathione:sulfodisulfane in A. kashmirensis (Pyne et. al., 2018) , may also not be there in
SST.
The substantial body of knowledge currently generated on the thiosulfate-and tetrathionatebased chemolithotrophy of P. thiocyanatus SST points out a number of novel facts regarding the mechanistic diversification of sulfur-chemolithrophy. Formation, accumulation and subsequent 530 oxidation of S 4 I as the primary mechanism of chemolithotrophic thiosulfate oxidation in a member of Paracoccus (despite a fully functional Sox system being in place) is surprising as it is idiosyncratic to the established preeminence of the typical Sox pathway in thiosulfate oxidation across Alphaproteobacteria, and especially the genus Paracoccus from where most of the information on Sox emanated. So we believe that the findings of this study would shed new light on 535 our understanding of mechanistic diversification of sulfur-chemolithotrophy not only in phylogenetically unrelated but also in closely-related bacteria as well.
The domination of the S 4 I pathway over Sox in P. thiocyanatus SST is clearly attributable to the presence of a very strong TsdA which not only has the ability to convert high quantities of thiosulfate to tetrathionate, but also is empowered with very high affinity for thiosulfate. SST TsdA's 540 affinity towards thiosulfate could be 7 times more than that of the SST Sox system -this is apparent from the fact that while growing the wild-type strain in MST, out of 40 mM S thiosulfate provided, 35 mM S was converted to tetrathionate and only 5 mM S got converted to sulfate, apparently via Sox, over the first 12 h of incubation. At the same time, it is peculiar that the Sox system of SST is far more sluggish than that of Paracoccus pantotrophus; for instance, in the same 545 MST medium, we had previously reported P. pantotrophus strain LMG 4218 to oxidize approximately 85% of the supplied 40 mM S thiosulfate directly to sulfate over an incubation period of 48 h (Alam et al., 2013) . Furthermore, the heavy-duty feat of SST TsdA is clearly evident when its present activity is compared with that of the other TsdA homologs, well-studied for their activites.
For instance, the SoxCD-less photolithoautotroph A.vinosum DSM 180 T , at pH < 7.0, forms only 550 0.4 mM S tetrathionate from the total 5 mM S thiosulfate supplied, by the action of its very wellstudied TsdA (Hensen et al., 2006; Brito et al., 2014; Kurth et al., 2016) whereas the rest of the thiosulfate is oxidized to sulfate, via formation of elemental sulfur, by the step-wise action of SoxXAYZB and the rDsr system (Hensen et. al., 2006) . Similarly, in Thiomicrospira thermophila EPR85, thiosulfate is oxidized to sulfate with formation of extracellular elemental sulfur at pH 5.5-555 8.0; but at pH < 5.5, a fraction of thiosulfate is converted to tetrathionate with a sulfate:tetrathionate formation ratio of 1:0.46 (Houghton et. al., 2016) . respectively. Since thiosulfate-and tetrathionate-grown cells of all three strains showed similar rate of O 2 consumption in the presence of thiosulfate, tetrathionate and sulfite, data for only the MSTgrown cells have been shown. 
